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By R. L. Moore
INTRODUCTION

The teste described in this report comstitute the second part of
‘an investigation of the strength and stiffness characteristics of
noncircular aluminum alloy sections loaded to fallure in torsion.
The first part (reference 1) covered tests of rectansular bars of
several proportions and squere, rectangular, end streamline tvbirg.
Within the elastic range it was shown tuat torsional sitiffrness and
maximum shearing stresses could be predicted quite closely by means of
existing formulas.. First yleld and ultimete strengths 'in torsion were
shown to be a function of eitiher the shsaring properties of the
material or the shear-buckliing resistance of the tube wells. Approxi-
mate methods.of evaluating these strengths for rectangular bars and
tubuler sections were indicated. .

This second series of torsion tests covers a cruciform and an
I-section in which, as before, shearing stresses.were of principal
importance. In addition, several extruded flenged members of I, Z,
and channel section were included in which significant longitudinal .

. stresses were also developed. Longitudinel stresses result either friom
restraint of the warping which tends to occur in. non01rcular wembers aon
sections normal to the axis of twist or from the unequal straining under
largs angles of twist of fibers at different distances from the center
of rotation. The combination of shearing stresses with longitudinal
stresses from two sources, one of which is not linear with torque,
obviously complicates any analysis of torsional behevior for large A
angles of twist or for loads up to fallure. Althoush ultlmate strength
date for some of the epecimens tested are probably of more academlc

than practical interest because of. the large deformations required to
produce failure, a study of the behavior observed should be helpful in
formulating & better understanding of the generel torsion problem for
noncirculer seotions and in evaluating the relative importence of some
of the factcrs involved.
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Methods of computing stresses end rotations in comgosite rectangular A

or flanged sections under torque may be obtained from numerous sources.
(See references 2 to 7.) TFor simple torsion with no restraint of cross-
sectional warping and emall angles of twist, the problem is one of deter-
mining suitable stiffness and stress factors for substitution in the
ordinary torsion formulas. {(See table IT.) Mathematical annlysis
supplemented by experimentel application of the membrane analogy hes been
used in determining these factors and consequently some differences exist
in the work of verious investigators.

If warping of cross soctions normal to the axis of twist~is restrained,
the problem is complicated by the fact that the longitudinal stresses
developed carry a portion of the torque and sn enalysie onu the basis of
gimple torsion alone is not adeguate. For I-sections the effect of the
longitudinal stresses is analogous to that produced by lateral bending of
the flanges in their own planes, and this aimalarity has been used as &
basis for the formulas glven in referemces 2,/3, and 4. In the caece of
channel or Z-sectlons, however, longitudinal stresses are produced in
the webs am well as in tho flenges, and the lateral bending epproach
does not lead to a complete solution of the stress problem. Reference 5
presents formulas for longitudinel stresses snd twists in open sectlons,
baged upon analyses glven in references 3 to 11, and gives the necessary
gtiffnoss and stress coefficilents for the I-, Z-, and channel sections
used in these tests. (See tables III &nd v )

In thin open sections, having little torsional stiffness, large
angles of twist will also result in longitudinel stresses. These
stresses, however, are a functlon of the distance from the center of
rotetion and the angle of twist (reference 2) and consequently have a
different dlstribution over the crosg section than those caused by re-
stratnt of warping. They result from the fact that the outemnost fibers
must be stretched to tuke & helical path around the axis of twilst;
vhereas the fibers at the center have no such tendency to change length.
The surmation of these longitudinal stresses on any cross section must
be zero, the tenslons in tho outside fibers being balanced by compresslions
at ths center of twisgt,

OBJECT

The obJect of theses Tests was to determine the behavior of composite
rectangular or flanged aluminum elloy sections under torsion loadings
to fallure and to compare, as far as possible, the stresses and rota-
tions observed with those computed by avallable methads.
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. SPECIMENS

Ths sketches Included in table II show the cross-sectionszl dimen-
siome of the test specimens, The cruciform section was machined from
3/%~ by 3/4-inch rolled 24S-T bar; the 1% -inch deep I-section was
machined from 3/L-by li-inch rolled 24S-T ber. Figure 6 shows these .
specimens after fallure. The machined test section was 16 inches long .
in both cases, the over-all length 28 inches.

The 2%-inch deep I-sections were extrusions (Die No. E-900B) of an
experimentael high-strength alloy XTiS-T. The channel sections were
obtained by machining down the flanges of one of these I-sections.

The Z-sections were obtainsd by maschining down the flanges of an ex-
truded I-section of 2LS-T, Over-all lengthe of these specimens ranged
from 1k to L& inches. ' :

Table I gives & sumary of mechanlcal properties for the materials
used. S '

PROCEDURE

The torsion tests were all made in an Amsler torsion: machine,
having a makximum capacity of 1200 1b-ft. For all but the ultimate
strength tests, a 240-1b-ft capacity range was used. The cruciform and
I-ssctlions, machined from solid bars, were tested by inserting the wn-
mechined ends of the specimens between the 2k~inch wide by k-inch long
flat grips of the machine., Ior the clamped-end tests of the extruded
pections, steel or sluwminum filler plugs of the type shown in flgure 13
were bolted to the webe and the testing machine grips bore directly
upon these. Care wag talkesn to see that the flanges of the specimens
did not proJject sbove the filler plugs.

£11 epecimens but those of channel section were twlsted about an
axls through the shesr centers, which was ths sxis of least torsionsl -
gtiffness. In the cruciform, I-, end Z.sections the shear centers coin-
cilded with the centers of gravity for the cross sectlcocns. In the case
of the channel specimens, however, the computed position of the shear
center (see table IV) was aktout 0.3 inch outside the web and the opening
in the testing machine heads was not of such proportions as to permit
twisting sbout this shear center. Several other arbitrary axés of twist
were used, however, as shown in figure 15.

The two types of filler plugs shown in figure 13 wers trled in an
effort to determine whether or not abruptnsss in change of section at
the clamped ende would have any novlceable effect upon ultimate torsional

-
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strengths. The short, square-eng plugs which were used in most cases,
wore of steel. The tapersd pluge were of aluminum.

The simply supported end tests of the extruded sections were made
in the memner shown in figure 1 ueing a set of special adapters de-
gigned by Mr., R. I, Templin (Aluminum Ressarch Laboratories Drewing No.
2225), The ends of the specimens were inserted through.a close- .
fitting opening hetweern four strips of 0.06k-inch high-sitrength alumi-
mumn alloy sheet, mounted 90° apart as shown. Since the only restraint
againet longltudinel wearping of the end cross sections was that result-
ing from the torsional stiffness of the individusl sheet Btrips, a
condition very closely aepproaching simply supported ends was obtained.
No attempt was made to'carry any tests of this type to ultimate faillure.

Rotations were measured by maana of troptometers gradunated in 0.5°
and readable by estimation to Q. 1°, Gage lengths varled with the lengﬂ1
of the specimens and in numeroug cases more then one gage length was in-
vestigated on the same specimen to illustrate the nonuniformity of twist
when restraint of cross-sectional warpling was lnvolved.

Strains were measured by means of Huggenberger tenscmeters (type A,
multiplication retio approx. 1200) ueing gage lengths of 1/2 and 1 inch.
The locations of these gage lengths are shown in the figures. Longitudi-
nal stresses were obitained by multiplying the unilt straines by moduli of
elasticity of 10,400,000 psi for the XTLS-T specimens and 10,600,000 pei
for the 24sS-T specimens. Diagonal tensile and compresslve stresses on
the gage lines inclined 45° to the axes of twist and shearing stresses
normal to the sxis of twist were dotermined from the relatlon, '

T N ET

where
(o] diagonal tensile or compressive stress, psi
T shearing stress normal to axis of twist, psi
B Young's modulus of elasticity, péi _
€ gverage'of'diagonal_%epsile and. compressive strains, inch per inch
KL Poissontsratio (1/3)

In general, no attempt was made to meapure stnains for torques ex-
ceeding the elastic range of the materisl., In order to obtaln measure-
mente at all the points desired within the elastic range it was neces-

sary to reload most spscimens e mumber of times, ' -

L



NACA TN No. 1097
RESULTS AND DISCUSSION

. The results of these tesis have been pressnted for the most part in
graphical form as torgue-iwist and torque-stress curves and stress-
distribution diegrams. . ¥herever possible, computed values of twist and
stress have been included for comparison. Such data as were obbtained on
torsional yield and ultimate strengths are summarized in tables V and VI,
slong with values of computed stresses and ratios of maximum epplied
torques to computed values corresponding to the ultimate strengths of thm
material in direct stress or shear. The latter comparisons emphasize how
greatly the stress patterns developed for small angles of twist must be
altered when the same type of torsion loadings are carried to failurs.
Figures 6, 13, and 14 show & number of specimens. after the completion of
the tests.

Table II summarizes the basic formulas for simple torsion and
gives the values of stiffness factor J and stress factor C computed for
the test sectlons by several methods. That of reference 2, which is
generally considered least accurate beceuse it neglects end effects"
for individuel rectmangles, as well as the "Junction effect" at inter-
sections, was used here bscause of its simplicity and because it gave
computed values which were generally in best agreement with observed
behavior. The differencses in J values obtained by references 2 and 4,
the latter based upon a recent application of the membrane analogy,
were negligible for the cruciform and machined I-sections, a fact of
considerable practical importance because 1t shows to what extent the
neglect of end and Junction effects in the method of reference 2 may be
zompensating., For the extrufed sections the dififerences obtained by
the two methods were greater, ranging fvom about 9 percent for the
chennels and Z-sections to 14 percent for the I-sections. These
lerger differences appear to be due to significant Junction effects
neglected by the one method since generous fillets were used at the
intergection of the thin rectangles. For larger sections these ef-
fects will generally bde less pronounced.

. The J values cemputed by'the method of reference 3 are consist-
ently higher than those obtained by the other two methods and on the
basis of these tests are the least satisfactory.

The stress coefficients C, given in table I1I, are equal %o the
thickemss of the rectanguler Ssctions and may be used in equation (2)
to obtaln & measure of the shearing stresses that are distributed unis
formly over the greater portion of the long sides. The coefficients
C, and Cz make possible an estimate of the maximum shearing stresses
which may be devsloped near the Junction of the component rectangles.
These coefficients are based upon applications of the membrane analogy
end, of course, cannot readily be checked by direct stress measurements.

2
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Stresees of this type are so locallzed, moreover, that they have almost
no influence upon-over-all yileld characteristics.

Tables III and IV summarize the formmlas and coefficlents used in
computing longlitudinal stresses and rotations in the specimens in which
cross-gectional warping was restrained, or in which angles of twist were
large. Their application to. cases involving restraint of warping necessi -
tated some estimate as to where complete restraint of warping might have
occurred. It was concluded after some eonkideration of measured and com-
puted, twists for different asssumed efféctive lengths, L, that for the
extruded. sections complete restraint of warping might be assumed rosson-
ably at the midpoint of the grips (2 in. behind face). For the machined
I—section, this action was arbitrarily assumed at the end of the fillets
or elightly over 1 inch from the end of the uniform machinsd section.

Detailed comparisons of obaserved and computed behavior are given
in the following paragraphs. ..

A. Cruciform Section

Figure 2 gives the results of the only measurements meds on this
section. . Longitudinal stresses in thoe ends of the rectapgles would
undoubtedly have been significant for large angles of twist, but such -
measurements were not taken. Measured angles of twist within the elastic
range were sbout 6 percent greater than computed, using J values based
upon either the methods of reference 2 or reference 4. (See table II.)
The corresponding difference baged on the method of raference 3 was
about 17 percent.

Table V indicates that the shearing stresses computed for first
yielding were in the vicinity of 18,000 psi, which is a reasonable
value for the shearing proportional limit for 24S-T bar having the
properties indicated in table I. It is quite apparent from this result,
however, that the shearing stresses at the inside cormers of the section
were 80 localized as taq have no apprecilable effect upon first-yield
characteristics.

Ultimate fallure occurred under a torgue of 132 ib-ft by a shearing
and splitting.fracture neaxr the end of the machined length as shown in
figure 6,. This targque was approximately 2.2 times that computed by
equation (2) (table II) to .be necessary to develop a stress equal to 65 :
percent of.the tensile strength or & value according to reference 12 thet
corresponds closely to the ultimate shearing strength of the material. .
This result indicates a considerably greater margin of torsional
strength than would be . expected without an appreciable change in the
type of action from that obtalned within the elastic renge. It was
shown in reference 1 that the ultimate torsional strength of a 3/h-by

6
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3/% 4nch rolled -24S-T bar (seme lot of materisl as used fcr cruciform
section of present tests) was 87 _percent of that computed or the assump-
tion of & uniform distridbution of shear stress over ths croes sectlon
equal to the shearing ultimate strength of the material. It is of
intervet to point out that the observed ultimate torque for the cruci-
form section was 84 percent of that computed on the same basis, indicating

the possibiliity of extending this spproximate method of predicting ulf.;ima.te :

torsional swrengths to other than single rectangles. - et

B. Machined I-Section T

Tho results of this teot are presented in figures 3, 4 and 5. In
addition tc a determination of the torgue-twist characteristlcs and
ultimate torsiorali strength, data on shearing strusses and on longitudi-
nal stresses resulitlng from restraint of cross-sectional waroing and.
large engles of. twist are shown,

Within the el.n..stic range measuwed angles of twist over an 8-inch
gage lengbh at the centéer of the speocimen were within 1 percent of those
computed by equation (1) (table II) using J values based on either
reference 2 br reference 4. "The measured twists were about 8 percent
groater than tiiogs computed according to reference 3. 4. comparison of .the
torque-twist curves for 8- and 16-inch mgage lepgthe in Ffigure 3 indicates

-8 slight difference in-twist as a result of restraint of warping. The

average computed twist Ly eguation (5) (fabie III), assuming complete re-
straint of -arring at the end of the fillet (see sketch in figy '3)

. .was within 1 perc:=nt of that. computed by egquatior (1) for the 8-inch gage
;.- length and only 6 percen’ less.than that comjg wbed by eg_ua.tiﬂ‘z (l) for "he

: A_,.thougn reetralint of wvarping had little effect upcn 'b.’tvs a.verage"
messured twists shown, the corresponding lonzitudinal strecses were of -

.significant mae;nitude. Figure 4 shows valuss as -high as 1i 000 ‘gt on-

the edges of the ilanges at section a-a. On section d-d, &2 ‘inthes
closer to the cexter of the specimen, however, the stresses were less
than 4000 psi. It will be noted that the stresses on the inalde edges af
the flanges were consistently greater than those on the outside edges,
which 1s in accordance with the warping factors givea in teble IV-for
equation (3). The values of stress .computed by this latter equation for
gsectlon a-a on the basis of complete restraint of warpning at the end of
the fillet were considerably higher than measured, although such a result
was not surprising in view of the wariable section at the ¢ad of the
test length. At mectien c-c, on-the uniforym portion.of . the. specimen, the
meximum computed.Tongitudinal. stress was 6800 psi, ss compared to meas-
ured values of from 6000 'bo 7300 psi on- the four insile edges.

Figure 5 shows & uUJIbeI‘ of torque-stress curves for bpoth longitudinal

7



NACA TN No. 1097

and. shearing stresses. The average measured shear at the center of the
web was in quite satisfactory agreement with the campnted valué obtalned
by equation (2) (table II) using C and J values from any of the methods of
table II. The average shears at the center of the flange were about-ll
percent greater then that measured at the center of the web, which is a
difference on the order af 'thet indicated by the ratio of the C ond C
values indicated for reference 4. The difference between web and maximum
flange stresses was probably greater than those data indlcate, however,
because of the lmitations imposed by the lengths of the gage lengths
used on the flanges, The.ratio of the C and C; values glven for
reference 3 mey be more indicative of the etress condition actually
obtained. '

First apperont ylelding cccurred undéer a torgue of approximately
80 1b-ft which, according to table V, corresponds to computed shearing
strosses ¢i* %he order of 18,000 psi, or the same as thoss indicated for
yielding of che cruciform section. Here again, the effect of struse con-
centrations or first-yleld charactorilstics was not discernible. The com-
puted longitudinal strcss shewn in table V for section a-a ie sufficlently
_below the tensile yield strength of the moterial to indicete that: this
typo of action did not comtribute to first yielding. This fact is even
more evidont when 1t ie realized that the maxlimum longltudinel stresses
measured on section a-a wore only about 60 percent of those computed.

Feilure occurred in the machined I undor a torque of 638 1lb-f£1 by a
combination shear and tensile fracture as shown in figure 6. This torgue
was dpproximately 3.4 times that computed as necessary to develop an :
uttimate shear strength equal to 65 percent of the tensile strongth of the
material or L.k times that necessary to develop longltudinal stresses equal
to the ultimate strength in tension. These results emphasize the inade-
quacy of the ordinary stress formulas for predicting ultimate torsional
strengths. The method proposed in reference 1 of estimating strenguohs
for rectangular sections on the assumption of a uniform distribution of
shear stress equal to the wltimate shear strength of the material is not
so appliceble to this I-section as was the case with the cruciform section.
The observed meximum torque was only about 60. percent of this compriad
velue; whereas for all other cases whors the method has been tried, the
ratio was gbout 85 percent. The combination of longitudinal with shoar-
ing stresses apperently decreased the torque-carrying capacity over that
which might to expected for shear alone.

Figure 3 shows the relation observed bvetween torque and longitudinsl
stresses at the center of the speocimen as a result of largg angles of
twist. Although the stresses indicated for a torque of 180 lb-ft, or
28 percent of the meximum, were only about 6000 psi, 1t is evident from
the shape of the torque-stress curve that a rapid increase in stress
must have been obtained as. torgues approached the ultimate. Camputed
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longitudinal stresses according to equation (4) (table III)wwere con-
slderably less than measuved. For an average twist of 3° per in., for
example, the computed flange stress wes found to be gbout 3700 psl as
compared to sbout 6000 psi messured. Additional strein measureuents,
giving a more complete picture ¢f the stress dlstribution, would proba-
bly have been helpnful in explaining this discrepancy. : .

C. Extruded I-Ssction

Specimens of this section were subjlected to g variety of tesis In
different lengthe and with different end conditions. Although the crose-
sectional area was 'about 25 percent greater than that*of the machined
I-section, the tor#ional stiffness, based on J values, was only about
one-third as great. Consequsnily, the influence of longltudinal strees-
es was much more pronounced than in the case previously consldered.
Figures 7 to 12 preeent 'bhe resulits of these teste. : '

. The torqqe-twist curves in :Eig,ure ?, covering onl,, a limited portiam.
of the elastit rengesy indicate a nonliosar relation between torque and
twist, a behavior not obssrved in the foregoing bests. This action must
be- attributed eirly to the infiuencs of longltudinal stresses accompany
ing large angles of twist., The departunre from linsarity was greatest,
it will be noted,:din the Pests inmvolving the greatest twlats. A second
fundamental difference in behavior will be noted in thet end condition
had a significant offect 1won angles of twist and thet the lgtter varied
not only with Lexngth of. epacimen but aiso with gege length on any one ™ -
specimen. - None .of -thess factors were significant. in the tests of the |
uekhdned cruciform and I-sections. - Angles of twist wsre not a functlon -
of gege length; and the agreement betwsen obgmerved .twlsts and computed -
valués based iupon equation (1) and the J values for simple torsion
(ta.‘ble II) elimina‘bod the-need for consldering longitud.inal stresscs.

The compa.rison beWeen measvred and computed a.ngles of twist for

the eimply supported end teste shown in figure 7 is of interest because

the materisl éifference between the J values shown in.table IT Tor
'bhe vaxrious methods. of compubation. For a trregue of 20 1b-ft the
measured twist on & 10-inch gage length at the center was practically
the same as that compubed .using the J valus of referehce 2.: The msas-
ured twists for this torque were 25 percent and 15 percent greater than
computed by references. 3.4nd 4. On the basis of this.observatilon the J
value of refoerence 2 wes used In all subsequent gomputations of streases’
and twists for the sxtruded I-sections.

;- The differences between the angles of twist measured for gage :
lengths A and B shown. in figure:T indicate that e condition of simply

Bupported .ends was not obtained completely. The @ifference. ‘between the
average twisd por.inch on gage. length B(10-in; -gage) and gage. length A

"9
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(30-in.gage) was about 5 percent, the twist being greater on the shorter
gage length where there were no epprecleble longltudinal stresses.

A comparisen of the average measured twists shown in figure 7
for the 10-inch gage lengths B, C, and D on epproximately 36-inch lung
spocimens having simply supported and clamped ends emphasizes the extent
to which longitudinal stresses resulting from restraint of warping may
influence torsional stiffness. The additional effect of variations in
length of epecimen where restraint of warping is involved is indicated
by the measurements on gage length E.

The computed torgue-twist relations shown in figure T for the
clamped-end tests were “ohtained by means of eguation (5) (table III)
and the stiffness factors, Cpq, given In table IV. The use of this

equation involves some assumption as to the effective length, L, be-
tween sections of ccmpletely restrained warping. After some cowmparisons
between observed angles of twist and computed values for different values
of L, it was decided that complete restraint of warping might reasonably
be assumed at the midpoint of the testing machine grips (2 in. behind
face). The necessity for such an agsurption reflects in no way upon the
genoral rellabllity of the method of computation used. Tn tests in
whlch the section of compiete restraint of warping is definitely known,
as in the tests of reference 5, ejuation (5) has been shown to give
computed velues of twist in good agreement with those measured.

In view of the good agreemexnt shown in figure T between measured
and computed twists for the clamped-end tests, it should be indlcated to
what extent thils agreement was due to the choice of sections of complete-
ly restrained warping. The following computed relations betwoen average
unit twist and effective length of specimen were obtained.:

Complete restraint of warping - -~ Average ‘twist for torgue o
assumed at 50 1b-ft (deg per in.)
Gage length > c D B
Face of grips . 1.19 0.75 0.32
Midpoint of grips (2 in, behind face) 1.32 .9k .50
End of grips (4 in. behind face) 1.45 1.12 .68

Figure 8 shows a comparison between measured and computed shearing
stresses at the center of specimens of differsnt lengths and with
different end conditions. The greatest shearing stresses were measured
in the simply supported end tests in which longitudinsl stresses were

10
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least promounced. The dietribution of shear across the width of flanges

and. web investigated was essentially the same in all cases, however, a

pesk stress being cbserved in the flanges directly over the web, with

the stresses on all other gage lines being approximately the sems. A4s

shown in the figure, these uniformly distributed stresses wers in reason

abi¥ food agreement with those camputed. It should be emphasized that

thess computed shsaring stresses do not correspond to the full torque of

50 1b-f+ applied but were besed on only that portion of the torque that

was resisisd by torslon shear. Thege reduced borgues were compuved in _

the followirg mesmer. Equation {6) (table IIT) glves the unit twist at o
the centcr of a sgpecimen in which cross-gectiopal warplng is restrained

at the ends. The ratio of this twist to that dstexrmined by equation (1)

(table II) gives the percenbage of the applled torgue caryied by torsion

shear. The remainder 1s carried by transverse shear in the flanges.

For the clamped-end test of the 36-inchk long specimen, the torque carried

by torsion shear at the csnter was computsd to be 62 porcent of the total.

For the 16-inch long clamped-end specimen the corresponding velue was

26 percent. These reducsd torgues wers used in squation (2) (%able IT)

to compute the shearing streesses in the webs and flapges shown in figure
8. The inclusion of stresscs resulting from treunsverse shear in the
flanges would have increased the camputed valuss by less than 5 percent., -

An edditionsl adjustment should have been made for the fact that
longitudinal stresses rosulting from large angles of twist also reduced
tho torque aerried by btorsion shear. This reduction would emount to spbout
15 percent for +the simply supported end test, based upon the ratio of
messured to cormputed twists for a torque of 50 1lb-ft, and 7 percent for
the clamped-end test of the 36-inch long specimen. '

The shearing stresses shown in figure 8 for gage limne 3, directly
over the web, were about 30 percent greater than the average for the .
outstanding portions of the flanges. The ratio of maximum to averaoge
stress was probably considerably higher, corrseponding more nearly to
"the C and €y factors attributed to reference 3 (table II) than to
those accoriing to reference 4. Unforhunately, the strain measurements
d0 not provide & check upon +the relisbility of these stress factors.

Figures 9 and 10 present data on the longitudinal stiressss in bthe
extruded I-sections for a torque of 50 1b-ft. ~For the 36%-inch long
specimen tested with simply supported ends, the stresses rssulted
mainly from large angles of twist. The outstanding edges of the
Planges were all subJjected ‘o tension whereas the greater portion of the
web was subJeched to compression. The dottsd lines connecting the meas-
ured points on the flanges at various sections slong the length were pat-
torned after the distribution measured at the cpnter of the specimsn.
The sumnation of the longitudinsl stresses on ahy section should equal
zero, although partidilar pains were not &aken yo balance the tensile '
and compresslve stress areas of the dlagrams.

11
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Although tersile stresses were obgorved in all flangee ncer the
end of the specimwn in the simply suppoited end test, the differences
in individual valuss indicated sowme sestraint of warping; whoreas at
the centber the giresses were more mwarly squal. Thelr magniiudes,
morsover, wers ln good agresmont with thet cougputed ocn the basls of
equation (k) (teble II¥)., Longltudinal stressss resvlitivg from large
angies of tuist wers less pronwmmosd in the ciarmpod-ond tesis, al-
though their eff'sct In the 35-inch lonmg epecinen was readlily measurablo
at the center of the span.

Two mats of computed lengitudinal strees curvos resulting from rs-
straint of crosms-sectionsl warping have besn showa in figure 10, one
ior 100 psrceint westruint at the mispoint of the &ripg, which was the
basls for the computed twistes shown in figure T:; the other for 100 poer-
cent restraint at the Bace of the grips. Equation (3) of table IIT and
the ntiffness and warping factors, Cuge and u, given in table IV,
wore usod in these computations. For the 36-inch leng specimen vwith
clamped ends, the assuwption of 100 percent resiraint of warping ab the
face of the grips provided & cloasr agrecuent with measured stireesen:
for tie 16-inch long specimen bho mesesured stresses were slightiy high-
er thea when couputed on the basis of elther agsumption. 1n gemeral,
however, 1% eppesrs that & reasorabliy satinfactory.estimate of long-
1t0dinal strusses of thils tipe may be mads,

Figure 11 shows socme tdrque-ongliudinal stress curves which indi-
cate the nonlinearity with torque of stremses resulting from levge
aengles of twist as comparsd to the linsarity of stresses reaulting
Trom restraint of warping. It should be noted that the longitudinal
gtresses for section a-a in the clamped-und test have boen plotted to a
scale 25 times that used in plotting the other stresses. Otiwrwiss, a
proper indication of the relative importance of the differeut types of
stress shown at the diffeorent sections and for different end conditions

may not be obtained.

The ultimate torsiomal strength data obtalped for trhe extruded
I-soctions tested with clamped enis are shown in figure 12. Linvar
rclations between torgue and twist were observed wlthin the slastic
renge for all but the longest specimen, where the longltudinal stresses
resulting from large angles of twist caunsed the specimen to stiffen up
noticeabiy. . Unfortunately, twist msasuremsnbs weroe not conbinued in
this test'as in ths others until general yielding was obtalnsed.

The computed strssses given in table V for the ‘estimated torques
for first yelding indicate that longitudinal stresses probably caused
ylelding of the 6-iuch long specimen; whereas both longitudinal and
sheering strasses probably contributed to yielding in the case of the
i6-inch long gpocimen. As ghown in table VI, the ultimate torques
were far in excess of the torques computed to develop the stremzths of

12
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the material in either shear or tension, using the basic stress formulas
shown to be applicable within the elastic ra.nge.

Figures 13 and 1k show the specimens after tests to failure. Longi-
tudinal stresses were undoubtedly cerrying a much greater percentage of
the applied torque at failure then was the case in the early stages of
the tests. therwise, length of specimen would not have had an epprecl-
“gble influence upon ultimate torsional strength. The web buckling
evident in the longer specimens epparently resulted melnly from the com-
pressive forces smet up in the centsr +t0 balance the tensions in the ex~
treme fibers, although some other action would also appesr necesgsary to
account for the triangular buckle patterns observed. Figure 1lh shows &
longitudinal fracture of a flange directly over the web, iadicative of
the tendency of the flanges td pull in toward the axis of twist.

It does not appear that any particiler significance can be attached
to the values of ultimate torgque obtainsd. Neither is it possible to
drew any pertinent conclusion from the difference in results obtained
with the two types of f£iller plug in view of the gquestlon as to the
effective length of specimen when the tapered plugs were used. Perheps
the most Interesting practical result le the demonstration-of the tough-
ness and resistance to plastic deformations without fracture of the
high-strength wrought aluminum elloy used. " : ———

Y

D. Extruded Channel Section'

Teste of thils section were not so extensive as described for the ex
truded I-section and, because of the fact that the section was not twist
ed about the 'bheore'bical ghesar cen'ber, the resulte were not so suscept-
ible to analysis.

The measured twists shown in figure 15 for the simply supported
ond test averaged about T percent less than when computed according o
reference 2, which is a greater difference then was found In the correx
sponding test of the extruded I-section. Any restraint of warping at
the ends would be more significant in the' chemnel test, however, because
of the shorter length of gpecimen. Longitudinel stresses resulting from
large angles of twist would also be expected to result in somewhat greabt
er stiffness than when computed for simply supported ends. Desplte the
rresence of these factors kmown to decrease torsional stiffness, the
measured angles of twist ranged from 3 to 9 psrcent greater than when
computed according to refersnces 3 and &.

A couparison of the ‘torque-twist curves in figure 15 for the
clamped-end tests shows the influence of position of exis of twist upon
torsionel stiffness. Had it been possibls to obtain twist sbout the
shear center it seems reasonsble to belleve that a fair agreement with

13
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the computed twist shown would have been obtained. Under the conditions
of test imposed, however, torgue was resisted by transverse shears and '
bending momente as well as by longihtdinal stresses resulting from re-.
straint of warping and ordinary torsion shear.

Figure 16 shows shear-stress distribution diagrems in the webs and
flanges for simply supported and clemped ends and for twiste about
different axes. The distribution for the simply supported end test was
in reasonably good agreement with that computed. The stress patterns
for the clampedeend tests wers essentielly the same although the
magnitudes decweased with increasing distance between the shear center
end the axis of twist. This decrease in observed torsien —~chwar striss
wvas conslstent with the decreased angles of twist indicated im figure 1D,

Longitudinal stresses sre shown in figures 17 and 1l7a. The values
for the simply supported end test, which should be the result malnly of
large angles of twist; show a perplexing distribution in that stresses
in the outktending toe of the flanges were less than in the web. This
result is contrary to that obmerved for the extruded I-sectlons and
that indicated by equation (k). The distribufion at the center of the
gpecimen in the clamped-enf test of figure 17, however, eppears more
reasonable,

A comparison of the longltudinal stresses for the clampesd-ond tests
shown in figure 1Te emphasizes to what extent the actlon was dependent
upon the location of the center of twist, The farther the center of
rotation was moved from the shear center, the greater the influence of
trensverse shears and bending momente in resisting the epplied torques
and the smaller the maximum longitudinal stresses.

None of the channsl sections was twisted. to ultimate fallurse.

E. Extruded Z-Section

Figures 18 to 21 present the results of ‘these tests. Since the
specimens were twisted about an axis throwgh the shear center, compaxrisons
of measured end computed bshavior similar to those for the extruded I-
section tests have been mads.

As shown: in figure 18, the relation between observed angles of twist
and those computed by refersnce 2 was essenbtlally the same for the simply
supported end test as that shown for the channel section in figure 15.
Some effects of longitudinal stresseQ'resulting from large angles of
tuist and restraint of warping weéire lndicated. GQuite sativfactcry agree-
ment between messured and coupubed twists was obtained in the clamped-end
tests. :

14
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The shear stresses shown in f'igure 19 likewise indicate & behavior .
close to that computed. The torgue used in computing the stresses for
the clamped-end test was 81 percent of the total, a percentage obtained
by a camperiscn of values of unit twist determined by equation (1) :
(table II) and equation (6) (teble III).

Figures 20 and 21 show the distrihirsion of longltudinal stresses
resulting both from large angles of twist and from restralnt of warping.
It is evident that some end restralnt was obtained in the simply suppors
ed end test. For clamped ends, however, the measured stress distrlbution
at the ends was intermedlate belween that computed, assuming complete re-
straint of warping at ths face of the grips and at the midpoint of the
latter. The discrepancy between measured end computed siresses at the .
center Is due to effects of large angles of twist. The maximum Jongitud-
inal stresses remulting from the latber cause were larger in the clamped-
end test than in the slmply supported end test. 'The compubed maximum
tensile stress according to equation (4) (table III) was about 7500 psi
for the siyply suppcrted end test; whereas the messured valusa averaged .
only about ‘3000 psi. This considerable difference betwsen measured and ’
compubed longitudinal stresses resulting from largs angles of twist,
also noted in the channel tests, ralses & question as to the general
applicability of wquation (4) to unsymmetricsal sections.’

Figure 18 shows the torque-twist curve obtained in 'bhe ultimate
torque test of a 36-inch long specimen with clemped ends. Unfortuna'bely,'
twist measurements were not comtinued until yield occurred. The influence
of longitudinel, stresses résulting from large angles of twist is plainly
ovident from the nonlinearity of the torque-twist curve. As shown 1in
table VI, the ultimate torquse carried was far greater then that necessary
to develop the ultimate strengths of the mabterial in benslon or shear.
Figure 14 shows the Z-section after failure (middle specimen of group).

' CONCLUSIONS

The following conclusions are based upon the results of the torsion
tests of noncircular 24S-T ard X74S-T a.luminum alloy sections described
herein:

1. The behavior of 'flanged. or composlte rectangular sections under
torgues carried to failure involves the following considerations:

(a) Shearing stresses and twistes normally associabed with torsion

(b) Longitudinal stresses resulting from restraint of cross-section-
al warping
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(c) Trsnsverse shear and bending stresses resulting from twist
about other than the sghear center

(4) Longitudinal stresses resulting from the unegual straining
under large angles of twist of flbers at different dis-
. tences from the center of rotation

() Buckling resistence under longitudinal compressive stresses

(f) Yield and ultimate strengths of the matérial in tension and
shear .

2, The first two types of action have been covered by torsion
theory, and reasonable agreement between measured and computed bo=
havior may be obtelned in mosgt cases for relabively smell angles of
twist within the elastic range.

3. Twist ebout other than the shear center results in trans-
verse shear and bending etresses in addition to stresses of types (a)
and (b). Although methods of computing type (c) stresses have not
been given here, it should be noted that their effect in the came of
the channel teste described was to decreass angles of twist and values
of longitudinal stress. ‘

k., Longitudinal stresses resulting from large engles of twist
may aepparently be predicted with reasonable.accuracy for thin symmet-
. ricel sections such as the extruded I-section tested. The mpplica-
bility of the same method to unsymmetrical channel or Z-sections, or
to sections in which relatively high torsion-shear stresses are Pro-~
duced, however, has not been established by these tests.

3. Although ultimate torsional strengths of thin composite rec-
tangular sections may involve buckling resistance under longitudinal
compressgive stresses as well as the ultimate strengths of the material
in tension and shear, these factors do not appear susceptible to com-
plete rational analysis.

‘6, Gemneral formulas for computing shearing and longitudinal
stresses end corresponding engles of twlst within the elastic range
are swmarized in tables II and III. Application of these formmlas
requires evaluation of the following section elements: -

(2) Torsion factor, .d

(v) Shear-stressIcoefficients, c

(¢) Torsion-bending factor, Cpp

16
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(&) TUnit warping factor, u

T. BSeveral methods of computing values of J for cross sectlons
composed of rectangular areeas have beeg proposed. (See tabls II.)
The method of reference 2 (J = 51/3 bt°, where b 1B length and t,
thickness of each rectangle) is the simplest and, as far as the angles
of twist observed in these tests were concerned, provided the best agree-
ment between measured and computed behavior for simple torsion.

8. The values of stress coefficient C given in table II gave
computed shearing stresses on the long sides of the component rectangles
in reasonably good asgreement with measured values. It was not possible,
however, to obtaln an experimental check on the coefficients C; and Cp
given for estimating shearing stresses at fillets and at Junctions of
intersecting rectgngles. Stress concentrations of this nature may be
slgnificant from khe standpoint of fatigue strength, but they had no
measurable effect in these tests upon torsional stiffness or first-
Yleld ckaracteristics.,

9. The measured longitudinal stresses resulting from restraint of
cross-secticnal warping in the extruded I- and Z-sections, twisted
about thelr shear centers, were in satisfactory agrsement with computed
values obtained by the general equatlions of table IIT and the values of
QBT end u given in teble IV. A simllar agreement would probably

have been obtained for the channel sections if twists had been produced
about the shear center.

10. Stresses and rotetlions resulting from restraint of warping may
be difficult to estimate in design because of the uncerteinty regarding
the degree of restraint likely to be obtailned. ‘Even in tests such as
those described, where particular pains were taken to obtain dsfinite
end conditions, variations from ldealized, simply supported and complete-
ly restrained ends were observed. Figure 10 shows that in the simply
supported end test of the extruded I-section the longitudinal stresses
resulting from restraint of cross-sectional warping were only U4 percent.
of the corresponding values for the clamped-end test, indicabing the ef-
fect1Vens§s ofAthe speclial adspter shown in figure 1.

11, First over-all yielding in torsion depends upon the relative
importance of shesr and longitudinal stresses and may be sxpected when
elther or both of these types of stress, computed by the methods oub-
lined and neglecting the effect of stress concentrations, approach the
yield strengths of the material.

12, The ultimate torsional strength of the cruciform section, in

vhich shearing stresses weres of primary importance throughout the entire
Lload range, was about 85 percent of that computed assuming a uniform

. :
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distribution of sheer stress at fallure equal to the ultimate shear

. strength of the material (65 percent of tensile strength). This result
was in accord with reference 1, describing ultimate torsion tests of
single solid rectahgles. The same approximate method of analysis was
not applicable to the flanged sections tested,  however, because of the
presence of significant longitudinal stresses from the beginning of the
tests.

13.. The ultimate torques for the flanged sections ranged from 4.2
to 7.3 times those computed to develop the estimated shear strengths of
the material using the formulas applicable in the elastic range. -The
corresponding ratios of observed to computed torques based on longi-

. tudinal stresses equal to the tensile gtrengths of -the material ranged

from 2.1 to 5.6, These results and the' appearance of the specimens after
falluke (shown in figs. 6, 13, end. 14) emphasize the difficulty of formu-
lating definite rules’ for the prediction of ultimate torsional atrengths

of flanged sections.

1h. The large angles of twist necessary to produce feilure indicate
the toughness of flanged sectlons of high strength aluminum alloys under

torsion loadings.

15. The most obfious conclusion to be drewn from these tests would

seen to be that ultimete strengths of thin flanged sections in torsion
seldom 1f ever will be a limiting factor in structural design.

Aluminunm Research Laboratories,
Aluminum Company of America, .
' New Kensington, Penna., September 1h l9h5
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TABLE I.- MECEANICAL PROPERTIES OF MATERIAL

Yield strength Tensile Elongation
Form Alloy (set = 0.2 percent) strength in 2 in,
(psi) ~ (psi) (percent)
Tension " Compression
3/4- by 3/4-in,
rolled bar for
crueif orm section 243-T 57,700 48,300 72,000 16.7
3/4- by 1%-in. rolled
bar for machined
I-section 245-T 46,000 39,800 66,800 21.1
Extrusion (Die No,
K~-9003) for I~ and
channel secticns X743-T 69,500 87,900 75,200 17.9
Extrusion (Die No.
K-9003) for Z-
Section 243-T 49,900 40,000 62,200 19.2

' Tension tests made in accordance with Standard Methods of Tension Testing of Metallic Materials (E8-44
ASTM Book of Standards, pt. I, 1944,

"ON NI YOYH
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TABLE II.- COMPARISON OF VALUES OF ] AND SHEAR-STRESS COEFFICIENTS C FOR TORSION SPECIMENS

Forrulas for simple torsion:

T - B
* I )
where
¢ twist, radlans per in.
T torgue, lb-in,
dulus of elasticity in sh i (8,800,000 for X74S-T)
G modulus of elastielty In shear, P! (41000,000 for 243-T)
i) torsion factor, in,4
TC
T (3

where
T  shear stress, psi

C  stress coefficient

VALUES OF ] AND C FOR VARIOUS METHODS OF COMPUTATION

Test section

7= zysnst
Cr=t
(reference 2)

Roark

(reference 3)

Lyse and
Johnston
(reference 4} |

3/18"

3/4"

. o
1-1/3% ’ .‘W—O

ks/an]

G

Sz
3=-1/3"

1/16"r 1/8"

=

1

- 9 O3

a-1/3" 0 k—o

- |—1/8" 1/8" -
1 ¥r

/16
- 1

“le1/26%

;
’

T =0.00288
C =0.188

J =0.0130
C =0.250

T = 0.00408
C =0.125

J = 0.00285
C =0.125

7 = 0.00320
C =0.188

T =0.0138
C = 0.260
Cy=0.206

T = 0,00511
C =0.126
C1=0.218
Cg=0.286

7 = 0.00332
C=0.125
Cy =0.185
Cg=0.219

J = 0.00291
C =0.188

J =0.0129
C = 0.250
Cy=0.275

7 =0.00472
C =0.125
Cy = 0.172

J'=0.00314
C =0.126
Cy = 0.165

1p, width, and t, thickness of individual rectangles
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TABLE 1II,~- FORMULAS FOR COMPUTING LONGITUDINAL STRESSES AND TWIST
IN NONCIRCULAR SECTIONS UNDER TORQUE

1. Stress resulling from restraint of warping at ends (reforence B):

ET sinhg |
g= — u (s) ;
GJa coeh% ) |
I
where
Yarping =
restrained longitudinal stress at x-:(ectlon a-g, pai )
on thia 10,400,000 for X748-T
plans Young's mf)dulm’ pel (10:6(]}:000 for 243-T)
x distance of sectlon 2-a from center, in.
=
L length of specimen bstwsen restrained ends, in. §
ECpr 2
= & whare Cpmp isgivanintahll.eIV 5‘
; u unit warping factor, also given in table IV §
. -3
ref B);
2. Becondary stress resulting from large angles of twist (referance 2): 8. Twist of member in which warping at ends is restrained (reference 5);
' or)? sinh E
r
d=E - 1 (4) - :L _
2 ¥ G x-—a L (5)
cosh —
where %8
¢ longitudinal stress, pal , where
¢ twist, radians per In, : ¥ deﬁona-areleﬂwlocen.ter,radians

r

€; Uit comprassive strain caleulated from condition that sum of longitudinal -

distance from center of twist, in, .
4, Twist at center of member ih which warping at ends is restrained (reference 2):

siresses on any section eqmbls zera ( xo=0)

For machined 1, ¢, = 0,18 S oxl|1- —1 e
For extruded I, ¢, = 0,692 9 : 16| cosh X
For extruded channel and 2, ¢g = 0.638 28
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TABLE 1V.- VALUES OF Cpq AND u FOR EQUATIONS 8, 5, AND 8 OF TABLE I

1 Computed for
Test section General test sections
Machined I Extruded I
ug =0 0 0
ug =0 0 0 ‘
ug =180 - +1.188
- 4 bbbt -
wPag o
hb bt
= 3—0""F ' . -
ug = & T T 10.188
2 Igp2 15,8 A8
C = + = 0.00718 0.236
BT " "2 {Af 2
“2\'—1:—- u =0, 0
Tl SREHCE D) #0499
- h
( f ug =¥ (b - €) 70.762
h e — - Ip,2
\ 2 e
ol _: uy Cpp=—— (¢-¢&) 0.0544
t'—- l he— tf
-3 It e = _& 0.36
| Ay + 8Ag
ug f—b— u hb Ar .
155 10.272
1\ I:—_—l uz
h
T . +\ ug = ilzl -—A& + T) 30.344
h —_—
, \ul hb éi
D, ug =F 5 (1 - ) F0.917
w .
:lr:I
—— 2
Ag
= {4 -8
CpT =3 [ y ] 0.0774

174

1Taken from reference b, 1f b3t/12: Ag = bty : Ay = htw A=Ay +8 A
235econd term is thickness factor included for machined I-gection; neglected for extruded sections

23
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TABLE V.- DATA ON FIRST YIELDING IN TORSION

Test section and Torque Average Corresponding shearing stressesd Corresponding]
location of computed Lengthl et first twist (psd) long'ltudji.al
shearing stresses yielding2 (deg per - stress
(in.) (Ib-£t) in.) Reference 2 | Reference 8 | Reference 4 (psi)

%—@ 16 2% 1.5 (1) 18,800 | (1) 16,800 | (1) 18,800

18 80 1.06 (1) 18,400 | (1) 17,400 | (1) 18,800 36,800
(2) 20,6800 (2) 20,500 | (sec.a-a,fig.4)

] 600 L6 | (1) 14,800 | (1) 11,800 | (1) 12,700 85,060
(2) 20,500 | (2) 17,600 | (Face of grips)
(3) 24,900

18 240 2.35 (1) 28,000 | (1) 18,300 | (1) 19,800 98,500
(2) 32,000 | (2) 27,400 | (Facecf grips)
(8) 38,800

1Leng'th of uniform section between fillets or grips.

2pstimated proportional limit on torque-twist curves (figs. 2, 3, and 12},

3Computed by equation (2), teble I, using J and C values shown. For 6-in. length of extruded
Irsectlon, torsion-shear moment = 8 percent of total torque (equation (6), table II). For 16-in. length
of extruded I-section, torsion-shear moment = 28 percent of total.

4‘Computed by equation (8), table III, assuming complete restraint of warping at end of fillet of
machined I or at midpoint of grips for extruded I.
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TABLE VI.- DATA ON ULTIMATE TORSIONAL STRENGTHS

Average Average Ratio of ultimate torque to com~-
Lengthl Ultimate twist shortening | puted torque corresponding to
Test section torque (deg per ultimate strength of material
in. Ib-ft in, in. per in,
{in.) ( . ) ) (i, pe ) Shear? Tensiond
:D:‘ 16 132 - 107 0.082 2.2° | =mmemm--
i l 16 8as 41 084 3.4 84.4
3lp ! g7 7 .053 7.8 | emmmemaa .
6 940 16 081 7.1 ba1
1434 | Ces0 13 .056 - S (R
18 844 15 .047 4.8 3.3
38 584 10 .023 4.2 4.3
” 38 371 10 .021 4.8 5.8

1Length of uniform section between fillets or grips.

, ZCorr.puted torques for shear stress equal to 85 percent of tensile strength, obtained by equation (2),
table I1, using values of J and C under method of reference 2.

3Computed torques for longitudinal stress equal to tensile strength, obtained by equation (3),
table III.

8Stress at section a-a, fig. 4. Complete restraint of warping assumed at end of machined length.

bstress at face of grips for all extruded I- and Z-sections. Complete restraint of warping assumed
at midpoint of grips.

cAverta.ge of two tests,

x5




Figure 1.~ Torsion test of I section with simply-supported ends.

*ON NI VOVN

4680T




NACA TN No. 1097 Fig. 2
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Maximum torque = 132 lb-ft
Twist at failure = 107 degrees per
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Figure 2.- Torgue-twist curve for cruciform section, 248-T.
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Figure 6.- I and cruciform sections after torsion test (epecimens
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Figure 14.- I and Zee sections after torsion test.
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